The relationship between blood pressure and flow in the digital circulation has been found to be rectilinear. This makes it possible from a single pressure-flow determination to measure (1) digital vascular configuration volume index, (2) initial digital arterial caliber, (3) resistance in dyne second/cm.', (4) resistance in dynes and (5) resistance in dynes/cm.2. The normal variations in these values and the deviations from the normal found in hypertension and polycythemia are presented.
P ERIPHERAL resistance has in the past been measured by dividing pressure by flow and multiplying this value by a constant. This determination includes the socalled viscosity factor and assumes that with unchanged resistance the relationship between pressure and flow with varying pressures is rectilinear. It has, however, been demonstrated by many workers'-4 that especially in small blood vessels this relationship may not be a straight line. It has also been found that apparent viscosity may not be a constant but may change with changes in velocity, in caliber of the perfused vessels and in the nature of the perfusate.5 It was our purpose to study the pressure-flow relationship in the digital circulation and to attempt separation of the various factors in the peripheral resistance in order to compare the abnormal with the normal circulation.
If the vascular bed of a dog's leg is perfused with Ringer's solution or plasma, the relationship between pressure and flow is rectilinear.5 If venous pressure is subtracted from arterial pressure in the calculations, a measure neglected by earlier workers,5 the straight line intercepts the pressure axis at or near zero.
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Presented before the Twenty-third Annual Scientific Session of the American Heart Association, San Francisco, June, 1950. Aided by grants from the American Heart Association and from the Committee on Scientific Research of the American Medical Association. 694 Poiseuille's law6 is then applicable, the formula being Pirr4 8i (1) in which Q is the volume flow in cm.3/second, P the mean arterial pressure minus the venous pressure converted into dynes/cm.2, r the radius of the tube in cm., 1 the length of the tube in cm. and y the viscosity in poises (dyne second/ cm.2). If r, 1, and X are fixed, the only variables are P and Q and the formula becomes the familiar Q = Pk in which k is a constant. This is clearly a rectilinear equation.
When blood is used as the perfusing fluid the relationship between P and Q has been interpreted by different workers to be rectilinear with a shifting intercept on the pressure axis,5 hyperbolic, approaching an asymptote,4 or logarithmic.",3 There are several possible factors involved in this deviation from the poiseuilleian straight line. Increasing pressure may distend blood vessels progressively or open new capillaries especially at low velocity rates.' With maximum vasodilatation, however, the effect of pressure on the vessels becomes minimal. What is more, curves similar to those seen in vivo may be obtained by perfusing glass tubes of appropriate diameter.' Changes in the physical elasticity or compressibility of the cells and plasma are too small to account for the effects observed at low pressures.8 The lower portion of the curve may, however, be affected by changes in alignment and distribution of cells and possibly by changes in their shapes at lower pressures as compared with higher pres-Circulation, Volume 111, May, 195! sures. This is sometimes referred to as plasticity. 3 The slope of the upper portion of the curve is modified at vascular resistances prevailing in the peripheral circulation by the FAhraeus phenomenon.9 This represents a decrease in apparent viscosity with decreasing tube caliber below a critical radius. This is caused by proportionate increase in the peripheral zone of plasma, which is less viscous than blood, the cells being crowded into the center of the stream. It is this effect which creates considerable discrepancy between viscosity determined in vivo as against in vitro observations.' It has also been shown, however, that increasing vasoconstriction in the hind limb of the dog increases apparent viscosity.2 Because of the simultaneously increased intercept of the major pressure-flow slope on the pressure axis, this increase in viscosity is greatest at very low rates of flow. At such low rates of flow, moreover, ischemia can cause capillary dilatation with variable changes in diffusion from capillaries to tissues which may modify pressureflow curves by changing the red cell and plasma protein concentration of the blood.' Such changes in diffusion are theoretically possible at higher flow rates but are probably unimportant in the terminal digit where most of the flow is through arteriovenous anastomoses.'0 Logarithmic formulas for the pressure-flow relationship have been fitted to empiric data and have been found to be Q = aPk 3 or Q = (P/m)n 1 in which a and k or m and n are constants. In such a formula the logarithmic function k or n is the plasticity factor and a or m the variables of Poiseuille's law, r, 1 and q together with the FAhraeus phenomenon factor. The exact relationship of these factors has not yet been worked out physically although Lamport"1 has recently presented a logarithmic formula incorporating the factor of caliber. The constant, k, has been found to vary from 1.4 to 1.8 in animal perfusion experiments.3 It must be remembered, however, that these formulas are derived from data obtained by the perfusion of vascular beds in which the preponderance of flow is through capillaries. In the human digital circulation in which sympathetic tone is released the preponderance of flow is through arteriovenous anastomoses. It therefore becomes necessary to determine the character of the pressure-flow curve in the human digital circulation to see if any difference can be detected between such curves and those obtained in animals and also to see if these pressure-flow relationships can be used to analyze digital vascular resistance.
To this end, studies were made after stabilization of the circulation by indirect heating, on a normal subject, on a patient with severe polycythemia vera, and on several patients with hypertension. Pressure-flow relationships at various digital arterial pressures were ob- tained by graded occlusion of the brachial artery. A blood pressure cuff could not be used because it introduced the factor of variable and progressive increase in venous pressure. A clamp was therefore devised that would produce a given degree of compression of the brachial artery without compressing the veins ( fig. 1 ).
That no significant increase in venous pressure occurred after compressing the brachial artery with this clamp was confirmed repeatedly by direct and indirect venous pressure determination. Direct measurement of brachial systolic and diastolic and planimetric mean pressures with a strain-gage manometer in several cases showed that the arithmetic mean corresponded fairly well with the true mean or was slightly higher. This relationship changed very little if at all with brachial artery com--pression. What is more such compression produced no change in the erythrocyte concentra-pressure as average venous pressure. With decreasing digital arterial pressure the digital venous pressure might well fall. What is more tion and hence viscosity of the perfusing arterial blood. One possible source of error was the subtraction of 6 mm. Hg from the mean arterial the venous pressure in veins draining arteriovenous anastomoses might be somewhat higher than in those draining capillaries. Also, the venous pressure might act over a wider cross- sectional area than the arterial pressure which would create an error in estimating resistance in dynes (see below). These factors, however, appeared to be small enough to be negligible. The validity of the technic for measuring blood flow was exhaustively established elsewhere."2 Repeated pressure-flow determinations at heart level after maximal vasodilatation by indirect heating were made on different days in the same subject. It had been demonstrated that in any given individual this relationship was nearly identical from day to day.'2 Only those experiments were accepted in which the brachial pressure from day to day was stable and in which the digital pressures before and after the flow observations remained unchanged. That release of sympathetic nerve tone could be satisfactorily effected in the upper extremity by indirect heating was demonstrated by Arnott and Macfie. '3 When our results were plotted by the method of the least squares'4 on logarithmic paper, using the formula, Q = aPk, k was found to vary from 0.8 to 1.2 and not from 1.4 to 1.8 as had been found in animal experiments." 3 Typical graphs are presented in figure 2 . It is clear that when k is 1 or nearly 1 we are dealing again with a linear rather than a logarithmic relationship. The reason for the discrepancy between our studies and animal perfusion experiments probably lies in the fact that in the fingertip flow through arteriovenous anastomoses predominates over that through capillaries.
The results of our observations in normal, polycythemic and hypertensive subjects were hence plotted on cartesian coordinates ( fig. 3 ).
Since the rectilinear fit was as good as the logarithmic, the least squares method'4 was employed to determine straight line regressions.
The intercepts of these lines hovered around zero. The deviations of the points from the pressure-flow lines were due to slight fluctuations in sympathetic nerve tone, to such errors as are inherent in the method, as well as to the fact that arithmetic and true mean pressures do not always coincide. The return of the pressure-flow ratio to normal in the bled polycythemic patient was nicely demonstrated. Consideration of probable error, however, in-dicated that the exact intercepts on the pressure axis could not be accurately determined from these lines, especially in hypertension, and could be considered to be 0 + 10 mm. Hg. If these observations are valid and the error involved in disregarding the intercepts on the pressure axis is sufficiently small, it becomes possible to apply Poiseuille's law to the digital circulation. In formula (1), q represents the viscosity of the blood. Whittaker and Winton5 showed in animal perfusion experiments that normal intravascular blood viscosity is approximately 2.2 times that of Ringer's solution at a temperature of 37 C. The changes in viscosity, moreover, with varying erythrocyte concentration demonstrated by these workers in animals were reproduced in the human digital circulation.'5 The viscosity of water or Ringer's solution at 37 C. is 0.0069; that of blood is 0.015 poises. There is an insignificant error involved here because the average temperature of the blood in the fingertip is 33 to 34 rather than 37 C. The increase in apparent viscosity with vasoconstriction described by Pappenheimer and Maes2 in animal perfusion experiments was due chiefly to the increasing intercept of the pressure-flow slope on the pressure axis. Since such a shift is minimal in the digital circulation, if it occurs at all, the apparent viscosity can fairly safely be assumed to be 2.2 times that of water or Ringer's solution. It still remains necessary to demonstrate this relationship by perfusion experiments on amputated human extremities.
The only remaining unknowns in the equation are length and caliber. These two factors together represent the physical configuration of the digital blood vessels. Thus, transposing in equation (1) wrr4 _Qe, or 1010 cubic microns. Calculations of this index based on 34 normal subjects, 25 cases of sentative of those calculated in 7 other cases of polycythemia. The data on some of these cases have already been published.", 16 Separation of the factor of length from that of caliber is impossible in an irregularly branching system. Such separation can, however, be effected theoretically as follows: If it is assumed that Poiseuille's law applies to the systemic circulation as a whole,* the number of dynes of force at the sinuses of Valsalva would at a flow of 80 cm.3/second and a mean pressure of 100 mm. Hg, a theoretic length factor can be calculated from equation (1) to be about 7 kilometers. This means that if the aorta were a uniform bore tube 7 kilometers long it would offer the same resistance as is offered by the entire systemic arterial tree, provided the viscosity of the blood were kept unchanged. It is also very probable that this length factor does not change much for any given vascular bed. Hence, if a length factor is established for a vascular bed in this way, the initial cross sectional area can be calculated back from the formula and its normal range of variation estimated.
The same process may be applied to the two digital arteries where Poiseuille's law does apply. Roentgenograms of these arteries in preliminary observations reveal an approximate initial diameter after vasodilatation of 0.06 cm. each as they enter the terminal segment of the finger, and the length factor in each entire digital circulation can be calculated to be approximately 55.6 cm. This means that if each digital artery were a uniform horizontal tube 55.6 cm. long it would offer a resistance comparable to that offered by the entire digital vascular bed supplied by that artery, provided the apparent viscosity remained unchanged. Both digital arteries are assumed to be equal in caliber and since caliber varies with the surface area perfused, a size factor, average surface/actual surface, has been incorporated in the calculation. The variations in caliber presented in table 1 Thus the force in dynes exerted by the pressure acting over the initial cross sectional area is equal to the resistance in dynes provided the flow is constant. In a system in dynamic equilibrium force and opposing resistance in dynes must be exactly equal. Such resistance is the resultant of the frictional forces in the blood stream acting in a direction opposite to that of pressure. To calculate force and hence resistance in dynes, it can be seen from equation (4) that the pressure in dynes/cm.2 may simply he multiplied by the calculated initial digital arterial cross sectional area in cm.2, the flow factor being cancelled.
It is to be noted that resistance in dynes varies directly with pressure and directly with cross sectional area. Since the cross sectional area determines flow if the other factors remain constant, resistance in dynes varies directly rather than inversely with flow. The digital vascular resistance in dynes (see table 1) now becomes an intelligible proportion of the total systemic resistance in dynes, which can be calculated from the total systemic force at the sinuses of Valsalva to be approximately 1,732,640 dynes.* Such resistance is proportionately much higher per gram of fingertip than per gram of average tissue because of the greatly increased flow in the fingertip made possible by the arteriovenous anastomoses.
To complete the circle, resistance and force in dynes can each be divided by the actual cross sectional area to give dynes dynes cm.2 cm.2
It will be recognized that in this sense pressure per unit of cross sectional area is exactly equal to resistance per unit of cross sectional area. It can be seen from table 1 that vascular configuration volume index and caliber are decreased and resistance is increased in established hypertension. Also, a critical point in vascular configuration volume index, caliber and resistance in dyne second/cm.' can be found, beyond which the cases of malignant hypertension fall. Resistance in dynes is more variable in malignant hypertension because of the variable decrease in flow and caliber. Resistance in dynes/cm.2 of cross sectional area is also more variable in malignant hypertension. In polycythemia on the other hand, if the viscosity factor is corrected in accordance with erythrocyte concentrations the vascular configuration volume index and caliber are approximately normal or slightly above normal despite moderately increased resistance. After phlebotomy all these values become normal.
SUMMARY AND CONCLUSIONS 1. The pressure-flow relationship in the dilated digital circulation at different levels of * See footnote on page 699. digital arterial pressure was found to be rectilinear in contrast to the logarithmic curvilinear relationship found by investigators perfusing the dog's leg. This difference is believed to be attributable to the fact that in the digit, after sympathetic nerve tone is released, the preponderance of flow is through arteriovenous anastomoses rather than capillaries.
2. By the application of Poiseuille's law to these data it is possible to calculate (a) digital vascular volume index in cubic microns, (b) initial digital vascular caliber in cm. of radius, (c) digital vascular resistance in dyne second/ cm.5, (d) in dynes and (e) in dynes/cm.2.
3. The normal digital vascular volume index was found to vary from 1010 to 653 cubic microns, the digital vascular caliber from 0.031 to 0.028 cm. of radius, the digital vascular resistance in dyne second/cm.5 from 2,287,000 to 3,420,800, the digital vascular resistance in dynes from 235 to 301, and in dynes/cm.2 from 69,306 to 111,955. 4. In polycythemia the digital vascular volume index and caliber were normal or slightly above normal and remained normal after phlebotomy. The digital vascular resistance was either above or within normal limits but decreased to normal after phlebotomy. 5. In established essential hypertension the digital vascular volume index varied from 653 to 308 cubic microns. The digital vascular caliber varied from 0.028 to 0.023 cm. of radius, the digital vascular resistance in dyne second/ cm.5 from 3,420,800 to 7,219,300, the digital vascular resistance in dynes from 301 to 406 and in dynes/cm.2 from 111,955 to 211,915. In the malignant phase of hypertension the digital vascular volume index was always below 308 cubic microns, the digital vascular caliber always below 0.023 cm. of radius and the digital vascular resistance in dyne second/cm.5 always above 7,219,300. The resistance in dynes varied from 286 to 357 and in dynes/cm.2 from 203,918 to 226,576.
